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Abstract
CLIP-170 and Restin, microtubule-binding proteins originally cloned from human cells, are identical except for a stretch of
35 amino acids present in Restin, but missing from CLIP-170. Here we present the discovery of two novel isoforms of the
CLIP-170/Restin gene in both chickens and humans. One of the new isoforms, named CLIP-170(11), contains an 11 amino
acid insert instead of the 35 amino acid insert found in Restin. Eight of these 11 amino acids, including a helix-breaking
proline residue, are perfectly conserved between chickens and humans. The second new isoform, named CLIP-170(11+35),
contains both the 11 and 35 amino acid inserts in tandem. PCR analysis of chicken genomic DNA revealed that all four
isoforms result from differential splicing of two exons in a region of the CLIP-170 gene that containsV8.6 kb of intervening
sequence. We found that the CLIP-170(11) and CLIP-170(11+35) are expressed preferentially in muscle tissues. Chicken and
human skeletal muscle express predominantly CLIP-170(11) and to a lesser extent CLIP-170 and CLIP-170(11+35). Adult
chicken cardiac and smooth muscles also express CLIP-170(11) and CLIP-170(11+35), but CLIP-170 is the predominant
isoform in these muscles as it is in all other tissues except brain. The ratios of CLIP-170 isoform expression found in
embryonic and adult chicken cardiac muscles reveal that isoform expression is regulated differentially in different
developmental stages as well as in different tissues. ß 1998 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction
The roles of microtubules in vesicle transport, po-
sitioning of organelles within the cytoplasm, and
chromosome movement are mediated by proteins
that interact directly with the microtubules [1]. A
group of proteins known as CLIPs (cytoplasmic link-
er proteins) may facilitate initiation of microtubule-
based vesicle transport. One member of this group,
CLIP-170, interacts with the endocytic carrier
vesicles transported between early and late endo-
somes [2,3].
CLIP-170 is an elongated molecule composed of
globular N- and C-terminal domains connected by
a long K-helical domain that is capable of dimerizing
through coiled-coil interactions [2]. The CLIP-170 N-
terminal domain contains two Cap-Gly microtubule-
binding motifs. The C-terminal end contains two pu-
tative metal-binding domains that may be involved
in linking CLIP-170 to the cargo vesicle [4]. In mem-
brane tra⁄cking, CLIP-170 is thought to link the
vesicle to one end of a microtubule and recruit the
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motor molecule that translocates the vesicle along
the microtubule [3]. Recently, it was reported that
CLIP-170 also transiently colocalizes with dynein
and dynactin in association with prometaphase chro-
mosome kinetochores [5]. CLIP-170 was originally
identi¢ed as a microtubule binding protein in HeLa
cells [6], but it is also expressed in other human cells
and in other species [7^9].
An independently discovered protein known as
Restin is identical to CLIP-170, except that Restin
contains a 35 amino acid (seven heptad) insert near
the N-terminus of its central K-helical region that is
not present in CLIP-170 [10]. Restin originally was
thought to exist only in human mononuclear leuko-
cytes and various malignant tissues [11]. We have
shown, however, that homologs of both Restin and
CLIP-170 are co-expressed in a wide variety of chick-
en tissues and that the two proteins are isoforms
generated by the alternative splicing of a 105 bp
(35 amino acid) exon in the CLIP-170 gene [7].
We report here the discovery of two additional
isoforms of CLIP-170/Restin in chickens and hu-
mans. These two novel isoforms, like CLIP-170 and
Restin, are generated by alternative splicing of the
35 AA-encoding exon found in Restin (hereafter re-
ferred to as CLIP-170(35-Restin)) and a newly iden-
ti¢ed 11 AA-encoding exon from the same region of
the gene. We call the isoform that contains the 11 AA
insert alone CLIP-170(11) and the isoform that con-
tains the 11 AA insert and the 35 AA insert CLIP-
170(11+35). Our RT-PCR analysis of various chick-
en tissues has revealed that the CLIP-170(11) and
CLIP-170(11+35) isoforms are most highly expressed
in muscle tissues.
2. Materials and methods
2.1. Immunoblot
Fresh chicken tissues were dissected and rinsed
with saline, chopped on ice, and Dounce homogen-
ized in bu¡er containing 10 mM imidazole pH 7.0,
75 mM KCl, 5 mM MgCl2, 1 mM EGTA, 0.5 mM
EDTA, 0.2 mM DTT and protease inhibitors
(0.2 mM PMSF, 0.1 mM aprotinin, 0.05 mM leupep-
tin, and 0.1 mM pepstatin). Total protein extract was
prepared by boiling the homogenate for 5 min in
Laemmli sample bu¡er [12], followed by centrifuga-
tion at 15 000Ug for 10 min. The proteins were sep-
arated on 7.5% SDS-polyacrylamide gels and electro-
blotted onto nitrocellulose (0.45 Wm, Schleicher and
Schuell, Keene, NH). The blots were probed with a
polyclonal anti-CLIP-170 antibody [7] followed by
an anti-rabbit IgG secondary antibody that was con-
jugated to alkaline phosphatase (Sigma, St. Louis,
MO).
2.2. Cloning of CLIP-170(11) and
CLIP-170(11+35) isoforms
Human skeletal muscle poly(A) RNA was pur-
chased from Clontech (Palo Alto, CA). Chicken total
RNA was prepared from brain, gizzard, and pector-
alis muscle as described [7]. First strand cDNA was
synthesized from 3 to 5 Wg total RNA, depending on
the tissue. Twenty picomoles (2 pmol for the brain)
of the antisense primer restin1, (5P-CTACTTCCTT-
CACCCGCAATG, the position of which is shown
on Fig. 3B), were added to the RNA in a total vol-
ume of 12 Wl, heated to 70‡C for 10 min, and quickly
chilled on ice. Human skeletal muscle ¢rst strand
cDNA was generated from 38 ng of poly(A)
RNA that was annealed with 2 pmol of the antisense
primer hum3 (5P-CGGGTGACTTCTAACTTTTC,
position 1768^1787 in the human CLIP-170(35-Res-
tin) sequence entered in GenBank under accession
no. X64838, which corresponds to position 1635^
1654 in the paper reporting this sequence [10]). After
addition of the manufacturer’s ¢rst strand bu¡er,
2 Wl 0.1 M DTT, 1 Wl 10 mM dNTPs, 200 U of
Superscript II RNase H-minus Reverse Transcriptase
(Gibco-BRL, Gaithersburg, MD), the mixture was
incubated at 42‡C for 50 min and the reaction termi-
nated by heating at 70‡C for 15 min. First strand
cDNAs were stored at 320‡C until use.
PCR was carried out in a volume of 50 Wl using
2 Wl of the ¢rst strand cDNA reaction for ampli¢ca-
tion of cDNA from the chicken tissues added to
0.2 mM dNTPs, 5 Wl polymerase reaction bu¡er,
5.3 mM MgCl2, and 1 U Taq DNA polymerase
(Promega, Madison, WI). Chicken pectoralis muscle
cDNA was ampli¢ed with 200 ng of each primer
£anking the 105 bp insert found in CLIP-170(35-Res-
tin) (sense ins2, 5P-GGTAGAGGCTGCTGACAG-
GG, and antisense ins3, 5P-CTTTCTAGTTCCAT-
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GATGCG ^ shown in Fig. 3B), whereas ins2 and
restin1 were used for gizzard and brain tissues. After
an initial denaturation step (94‡C, 7 min), ampli¢ca-
tion was achieved with 35 cycles of 1 min at 94‡C,
2 min at 59‡C, and 3 min at 72‡C, with the extension
time lengthened by 5 s in each cycle. In the case of
pectoralis muscle, the PCR products of 303, 198, and
165 bp represented the CLIP-170(11+35), CLIP-
170(11), and CLIP-170 isoforms, respectively. Corre-
sponding bands in gizzard and brain samples ampli-
¢ed with the primers used to analyze these tissues
were expected to be 29 bp longer for each of the
products.
For the ampli¢cation of human skeletal muscle
cDNA, the primers hum2 (5P-AGGTGGAGCTTCT-
CAACCAG) and hum1 (5P-CTCAATGCTAGGT-
CTTTCTC) £anking the 105 bp insert were designed
and used in an ampli¢cation scheme that was iden-
tical to the one applied for chicken cDNA, except
that the annealing step was performed at 56‡C. The
resulting bands were 295 bp (CLIP-170(11+35)),
190 bp (CLIP-170(11)), and 157 bp (CLIP-170) in
length for the respective isoforms. The PCR products
were separated by polyacrylamide gel electrophoresis
and stained with ethidium bromide.
Bands representing the CLIP-170(11) and CLIP-
170(11+35) isoforms obtained from PCR of chicken
pectoralis muscle cDNA were electroeluted and
cloned in pGEM-T Easy vector (Promega, Madison,
WI). The same procedure was applied for the CLIP-
170(11) isoform product from chicken gizzard and
brain, as well as 190 and 295 bp bands from the
ampli¢cation of human cDNA.
To determine whether the isoform bearing the 11
AA insert has some additional structural speci¢city
outside that region, when compared to CLIP-170
and CLIP-170(35-Restin), we transcribed RNA
from chicken pectoralis muscle with the primer
cR4-6/1, (5P-CTTGTTCTCCAGGTTCAGAA, posi-
tion 3515^3534 on the chicken CLIP-170(35-Restin)
sequence, accession no. AF014012), which is comple-
mentary to a sequence known to be common to both
CLIP-170 and CLIP-170(35-Restin) and located to-
ward the 3P end of the full length cDNA. One of the
primers for PCR reaction was complementary to the
11 AA insert sequence (sense newins2, 5P-AGAGG-
CAGATTTCGGAAGAT, or antisense newins1, 5P-
TCTTCCGAAATCTGCCTCTT, position of which
is shown on Fig. 3B), and the other one was common
to CLIP-170(35-Restin) and CLIP-170 (sense ¢veP,
5P-TAAGGCTCCATCAAAGACCA, position 141^
160, or antisense cR4-6/1). The cDNA was PCR am-
pli¢ed using the Expand Long Template kit (Boeh-
ringer Mannheim). After initial denaturation at 92‡C
for 2 min, PCR was performed for 10 cycles with
denaturation at 92‡C for 10 s, annealing at 57‡C
for 30 s, and extension at 68‡C for 4 min. This was
followed by 15 cycles of similar conditions except
that the extension time was lengthened 20 s for
each cycle. The samples were run on polyacrylamide
gels that were stained with ethidium bromide. The
products were eluted from the gel and cloned into
the pGEM-T Easy vector (Promega, Madison, WI).
2.3. DNA sequencing and analysis
Cloned PCR products were sequenced manually
with T7, or sequence-speci¢c oligonucleotide primers
and Sequenase T7 DNA polymerase (USB, Cleve-
land, OH), and by the dye terminator method using
the 373A automated sequencer from Applied Biosys-
tems, (ABI, Foster City, CA). Homology to other
sequences in the GenEMBL nucleotide and Swiss-
Prot protein databases was established by use of
the BLAST network service at the National Service
Center for Biotechnology Information [13]. The
PROSITE data library [14] was searched for the oc-
currence of any biologically signi¢cant sites in the
CLIP-170 isoform insert sequences. Sequence com-
parison was performed using BESTFIT of GCG
software [15].
2.4. PCR analysis of genomic DNA
Isolation and ampli¢cation of genomic DNA was
performed as described [7], except that the annealing
temperature was 55‡C and the following sets of
primers were used: (a) ins4 (5P-TCCGAGTGGAA-
GAAGAATCC), located just downstream of ins2
primer, in the region common for all isoforms, and
antisense newins1 ; (b) sense newins2 and antisense
exon1 (5P-TCAAGCTCCTTAATGCGGGC), the
latter being positioned in the 105 bp-35 AA insert
(shown on Fig. 3B); and (c) sense newins2 and anti-
sense ins1 (5P-CAGCTACTTCCTTCACCCGC),
which overlaps with the common primer restin1.
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2.5. Tissue distribution
Tissue distribution of the new isoforms was deter-
mined by an RT-PCR approach in which ¢rst
strands from various sources were synthesized by
using the restin1 primer. The PCR parameters de-
scribed above (except that annealing was done at
61‡C) were used with the following sets of primers
to speci¢cally detect particular isoforms: (a) sense
newins2 and antisense restin1, for the ampli¢cation
of the CLIP-170(11) isoform as a 102 bp product
and CLIP-170(11+35) as a 207 bp product; (b) sense
ins2 and antisense insexp1 (shown in Fig. 3B), which
ampli¢es CLIP-170(35-Restin) as a 240 bp product
and CLIP-170(11+35) as a 273 bp product.
2.6. Nucleotide sequence accession number
The GenBank accession no. for chicken CLIP-
170(11) sequence is AF045650; chicken CLIP-
170(11+35) sequence is deposited under accession
no. AF045651. The human CLIP-170(11) and
CLIP-170(11+35) cDNA sequences are available as
accession nos. AF045652 and AF045653, respec-
tively.
3. Results
3.1. Immunoblot analysis of skeletal and cardiac
muscle
While studying CLIP-170/CLIP-170(35-Restin) tis-
sue distribution by Western blot analysis, we unex-
pectedly found strongly immunoreactive peptides in
SDS-extracts of chicken pectoralis and cardiac
muscle. Our rabbit polyclonal antibody raised
against a protein region common to CLIP-170 and
CLIP-170(35-Restin) reacted with a peptide doublet
of V170 kDa in a pectoralis muscle extract and a
single band in a similar extract from cardiac muscle
(Fig. 1).
3.2. Chicken and human muscle tissues contain
messages for novel CLIP-170 isoforms
To assess the distribution of CLIP-170 and CLIP-
170(35-Restin) in these muscle tissues, we PCR am-
pli¢ed pectoralis cDNA with primers previously used
for RT-PCR analysis of expression of CLIP-170 and
CLIP-170(35-Restin) in non-muscle tissues [7]. The
primers used for this analysis are common to both
the CLIP-170 and CLIP-170(35-Restin) cDNA se-
quences that £ank the position of the 105 bp alter-
natively spliced exon found in CLIP-170(35-Restin),
but not in CLIP-170. We expected to amplify a PCR
product of 165 bp representing CLIP-170 and anoth-
er of 270 bp representing CLIP-170(35-Restin). In-
stead, we ampli¢ed the expected 165 bp product rep-
resenting CLIP-170 and two other products of 198
and 303 bp, but no 270 bp CLIP-170(35-Restin)
band (Fig. 2A). This raised the possibility that
muscle tissue expresses an array of CLIP-170 iso-
forms di¡erent from that which we had found pre-
viously in non-muscle tissue.
Cloning and sequencing the muscle PCR products
revealed the existence of two novel isoforms of
CLIP-170/CLIP-170(35-Restin). We found that the
198 bp product contains CLIP-170 sequence £anking
a 33 bp region that is inserted into the CLIP-170
sequence at the same position that the 105 bp insert
is found in CLIP-170(35-Restin) (Fig. 2B). The 33 bp
insert, like the 105 bp insert of CLIP-170(35-Restin),
maintains an open reading frame, and it is predicted
to encode an insert of 11 amino acids. We have
named this peptide CLIP-170(11). Sequencing of
the 303 bp product revealed that it contains the
CLIP-170(11) 33 bp sequence followed by the
CLIP-170(35-Restin) 105 bp insertion sequence
(Fig. 2B). Because this cDNA sequence also main-
tains an open reading frame predicted to encode an
Fig. 1. Immunoblot of chicken pectoralis and cardiac muscle.
Nitrocellulose blots of chicken pectoralis and cardiac muscle ex-
tracts fractionated on 7.5% SDS-polyacrylamide gels were incu-
bated with a polyclonal serum raised against an expressed frag-
ment of CLIP-170/CLIP-170(35-Restin). In the 170 kDa range
of the gel, chicken pectoralis muscle contains an immunoreac-
tive doublet, whereas cardiac muscle displays a single band.
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insert containing both the 11 and the 35 AA inserts,
we refer to this version as CLIP-170(11+35).
RT-PCR analysis of human skeletal muscle RNA
with human CLIP-170 primers speci¢c for sequences
that £ank the position of the human CLIP-170(35-
Restin) insert con¢rmed that homologous CLIP-
170(11) and CLIP-170(11+35) isoforms exist in
mammals (Fig. 2A). The CLIP-170(11) insert is iden-
tical between chicken and human sequences in 8 out
of 11 amino acids (Fig. 2C). In the human CLIP-
Fig. 2. Identi¢cation of novel CLIP-170 isoforms by RT-PCR and cloning. (A) A 10% polyacrylamide gel showing PCR products cor-
responding to CLIP-170, CLIP-170(11), and CLIP-170(11+35) isoforms that were obtained by amplifying chicken and human skeletal
muscle cDNA with primers £anking the 46 AA insert. (B) Comparison of the chicken CLIP-170(11+35), CLIP-170(35-Restin), CLIP-
170(11), and CLIP-170 insert amino acid sequences. Numbers on the left and right indicate position of the amino acid in the chicken
CLIP-170(35-Restin) protein sequence (accession no. AF014012). The sequences of the isoform-speci¢c amino acid inserts are bold
faced. (C) Homology between the chicken and human 11 AA inserts. The inserts are identical in 8 out of 11 amino acids (82% iden-
tity). (D) Comparison of the chicken and human 11+35 AA inserts. Residues that also are constituents of the CLIP-170(35-Restin) 35
AA insert are displayed in bold letters (100% conservation is found on the nucleotide level as well). (E) Comparison of the chicken
and human 11 AA insert with a fragment of C. elegans ankyrin-related protein AO13 (AA 6571^6581 in the sequence deposited under
the accession no. 1814196). (F) Homology between the 35 AA CLIP-170(35-Restin) insert and AAs 462^496 of the rat CLIP-115.
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170(11+35), this sequence is coupled with the CLIP-
170(35-Restin) insert that we have shown previously
is identical to the chicken CLIP-170(35-Restin) se-
quence at both the amino acid and nucleotide levels
(Fig. 2D) [7].
Previous prediction of the 35 AA insert secondary
Fig. 3. Organization of the gene in the region containing isoform-speci¢c exons. (A) Chicken genomic DNA was PCR ampli¢ed, frac-
tionated on an agarose gel, and stained with ethidium bromide. Lane a: a product of V1.3 kb was ampli¢ed with primers ins4, com-
plementary to the upstream exon common to all isoforms, and newins1, speci¢c for 11 AA insert (both of which are shown on the di-
agram in B; the cDNA PCR product from CLIP-170(11) with these primers is 64 bp (not shown). Lane b: ampli¢cation with the
primers newins2, in the 11 AA insert, and exon1, in the 35 AA insert, yielded a V4.3 kb product; the cDNA product from CLIP-
170(11) with these primers is 70 bp (not shown). The sum of the DNA product lengths in lanes a and b adds up to the previously de-
termined distance of V5.6 kb between the CLIP-170(35-Restin)-speci¢c insert and the upstream common exon. Lane c: a product of
V7.3 kb was obtained by ampli¢cation with the newins2, from the 11 AA exon, and ins1 (overlaps restin1), from the 3P common
exon. (B) Schematic presentation of the exon/intron organization and alternative splicing events predicted to lead to the formation of
CLIP-170(11) and CLIP-170(11+35) isoforms. Exons are boxed, introns are shown as horizontal lines. Oligonucleotides used for PCR
ampli¢cation of either cDNA or genomic DNA are denoted as arrows. (C) The V1.3 kb and V4.3 kb products from A, lanes a and
b, were cloned and sequenced. Boldface nucleotides at the very 5P and 3P end of the non-coding region match exon/intron boundary
consensus sequences. Boxed nucleotides indicate exon sequences.
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structure indicated that it extends by ¢ve heptads the
central domain K-helical region that has high pro-
pensity for coiled coil dimer formation in the protein
[7]. The sequence of the CLIP-170(11) insert, con-
taining a Pro residue that is conserved between the
chicken and human sequences, is predicted to break
the K-helical domain whether it exists alone, as in
CLIP-170(11), or in tandem with the 35 AA insert,
as in CLIP-170(11+35).
To assess whether the CLIP-170(11) insert repre-
sents the only sequence di¡erence between the novel
isoforms and CLIP-170/CLIP-170(35-Restin), we
PCR ampli¢ed upstream and downstream sequences
linked directly to this insert region. For this, up-
stream and downstream primers were coupled pair-
wise with primers from both strands of the 33 bp
insert. The resulting products cover more than two-
thirds of the predicted protein sequence (from posi-
tion 141 to 3534 of the chicken CLIP-170(35-Restin)
coding sequence) and the sequences are 100% identi-
cal to the CLIP-170/CLIP-170(35-Restin) sequence
outside of the 33 bp insert, except for a region of
six amino acids near the middle of the central do-
main that appears to be accounted for by alternative
splicing locations at one end of an exon (Griparic
and Keller, submitted for publication).
Our database analyses revealed that neither the
chicken nor the human CLIP-170(11) 11 AA-insert
segments contain any signature registered in the
PROSITE library or have signi¢cant homologies in
other proteins containing Cap-Gly microtubule-bind-
ing motifs including DP-150 [16], Glued [17], and
BIK1 [18]. It is worthwhile noting, however, that
the proline residue contained within the 11 AA iso-
form-speci¢c insert is localized at the position corre-
sponding to a cluster of four prolines that similarly
breaks the central coiled-coil domain of D-CLIP-190,
a related Drosophila protein [9]. Also, there is a cer-
tain degree of homology between the human CLIP-
170(11) insert and a peptide fragment from a puta-
tive ankyrin-related protein ^ AO13 [19] from C.
elegans (Fig. 2E). Besides being located at the C-ter-
minal end of the putative C. elegans protein, which
might contain a regulatory domain, no speci¢c func-
tion has been attributed thus far to this speci¢c se-
quence in the C. elegans protein.
Since acceptance of our previous paper on analysis
of the 35 AA insert [7], a new protein with homology
to the CLIP-170(35-Restin) has been identi¢ed [20].
CLIP-115 shows similarity to CLIP-170(35-Restin) in
two N-terminal domain microtubule binding motifs,
serine-rich regions, and in the N-terminal end of the
35 AA insert but exhibits less homology with the C-
terminal end of the 35 AA insert sequence and the C-
terminal domain (Fig. 2F).
3.3. CLIP-170(11) and CLIP-170(11+35) isoforms
are produced by alternative splicing of cassette
exons
We previously have proved that CLIP-170(35-Res-
tin) and CLIP-170 isoforms arise by alternative splic-
ing of a single gene and showed that the presence of
unusually large introns in that region of the gene [7].
The intron upstream of the 105 bp (35 AA) exon is
5.6 kb in length, whereas the 3P intron is 3 kb long.
Such genomic organization, and the structure of the
CLIP-170(11+35) fragment, hinted that the 33 bp
insert might be encoded by an unidenti¢ed exon lo-
cated within V5.6 kb segment.
This possibility was con¢rmed by PCR analysis of
genomic DNA with primers containing sequences of
common and isoform-speci¢c exons. Cloning and se-
quencing the genomic PCR products not only con-
¢rmed the existence of the 33 bp exon, but also posi-
tioned it with respect to £anking introns in that
region of the gene. We found that the 33 bp exon
exists in the 5.6 kb region of the gene between the
105 bp (35 AA) exon and the 5P exon common to all
four CLIP-170 isoforms. The 33 bp exon is £anked
on the 5P end by a V1.3 kb intron and on the 3P end
by a V4.3 kb intron (Fig. 3A, lanes a and b, and B).
Both introns are bordered by GT and AG dinucleo-
tides at their 5P and 3P ends, respectively (Fig. 3C).
The distance found between 11 amino acid-encoding
exon and the downstream exon common to all four
isoforms is 7.3 kb (Fig. 3A, lane c, and B), which
matches the length calculated by addition of the
4.3 kb intron on the 5P side of the 105 bp exon
and the 3 kb intron on its 3P side.
3.4. Tissue expression of CLIP-170 isoforms
To investigate expression of CLIP-170(11) and
CLIP-170(11+35) messages in various tissues, we
performed RT-PCR analysis using a ¢rst strand
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cDNA primer complementary to sequence common
to all four isoforms and two sets of PCR primers.
The ¢rst set of primers consisted of a 5P primer spe-
ci¢c for the 33 bp (11 AA) insert and a 3P primer
complementary to sequence common to all four iso-
forms on the 3P side of the insert region. This set of
primers should yield products representing messages
for the CLIP-170(11) and CLIP-170(11+35) isoform
mRNAs where present. The second set of primers
consisted of a 5P primer speci¢c for a sequence com-
mon to all isoforms on the 5P side of the insert region
and a 3P primer speci¢c for the 105 bp (35 AA) insert
sequence. This set of primers will amplify products
representing messages for the CLIP-170(35-Restin)
and CLIP-170(11+35) mRNAs where present.
With the ¢rst set of primers, one of which was
speci¢c for the 11 AA insert, we found that CLIP-
170(11) mRNA is expressed at signi¢cant levels in
skeletal, adult cardiac, and gizzard smooth muscle
but only at low levels in brain and other non-muscle
tissues (Fig. 4A). The identity of the apparent CLIP-
170(11) PCR samples of gizzard and brain was
con¢rmed by cloning and sequencing products am-
pli¢ed with common primers and eluted from poly-
acrylamide gels (see below). However, the minor
CLIP-170(11) PCR products in non-muscle tissues
such as brain could have arisen from message for
CLIP-170(11) in smooth muscle of the arteries con-
tained in the tissue samples. Furthermore, the prod-
uct obtained by ampli¢cation of cDNAs from other
non-muscle tissue was identi¢ed as a fragment of
non-muscle myosin. The preferential synthesis of
this non-speci¢c product further indicates the lack
of the real templates, i.e. CLIP-170(11) and (11+35)
in those tissues, enabled by coincidental homology
of the very 3P end nucleotides in the PCR primer
sequences with the segment of non-muscle myo-
sin.
The expression of CLIP-170(11+35) was revealed
better by PCR ampli¢cation with the second set of
primers, one of which is speci¢c for the 35 AA insert.
This ampli¢cation revealed that CLIP-170(11+35)
isoform mRNA also is expressed in chicken and hu-
man skeletal muscle and, at a low level, in smooth
muscle (Fig. 4B). Somewhat surprisingly, however,
message for the CLIP-170(11+35) isoform was not
detected by PCR in adult cardiac muscle, and also
appears to be missing from non-muscle tissues. PCR
products representing the CLIP-170(35-Restin) iso-
form were found in all adult tissues, but the amount
Fig. 4. RT-PCR analysis of RNA from various tissues with
common and isoform-speci¢c primers. (A) Ampli¢cation with
the primers newins2 and restin1 demonstrates muscle-speci¢c ex-
pression of CLIP-170(11) (102 bp product) and CLIP-
170(11+35) (207 bp product). The V170 bp product found in
non-muscle tissues was cloned and identi¢ed as non-muscle myo-
sin II heavy chain sequence. (B) Analysis of relative expression
of CLIP-170(11+35) (273 bp) and CLIP-170(35-Restin) (240 bp)
by PCR ampli¢cation with the ins2 and insexp1 primers. Adult
human, chicken pectoralis, and chicken gizzard muscle have
considerably higher level of CLIP-170(11+35) transcript than
heart or non-muscle tissues, where no signal was detected. (C)
PCR ampli¢cation with ins2 and restin1, primers which are
common to all four isoforms, reveals relative expression of the
four isoforms in adult gizzard, heart, and brain. The lengths of
the products speci¢c for each isoforms are as follows: CLIP-
170 = 194 bp; CLIP-170(11) = 227 bp; CLIP-170(35-Res-
tin) = 299 bp; and CLIP-170(11+35) = 332 bp. The PCR prod-
ucts in A^C were separated on an 8, 10, and 7% non-denatur-
ing acrylamide gels, respectively, and stained with ethidium
bromide.
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of this isoform is very low in skeletal muscle (Fig.
4B).
We also used RT-PCR to estimate the relative ex-
pression of all four isoforms in muscle tissues, which
have not been previously investigated, and in non-
muscle tissues, previously evaluated only for the
CLIP-170 and CLIP-170(35-Restin) isoforms. The
same PCR primers used originally to identify the
novel isoforms were used for this investigation of
isoform expression. Estimates of the relative levels
of isoform expression were made by scanning densi-
tometry of photographic negatives of ethidium-
stained gels and correction for amount of dye bind-
ing for the di¡erent length products.
We found that both chicken and human skeletal
muscle express predominantly CLIP-170(11) and to a
lesser extent CLIP-170 and CLIP-170(11+35) and
little CLIP-170(35-Restin) (Figs. 2A and 4B and Ta-
ble 1). Chicken cardiac and gizzard smooth muscles
also express CLIP-170(11), but at lower levels rela-
tive to CLIP-170 expression than found in skeletal
muscle (Figs. 2A and 4C). As discussed above, the
very low levels of the CLIP-170(11) PCR product
occasionally found in and also cloned from samples
ampli¢ed from non-muscle tissue cDNA, such as
brain tissue, could arise from detection of CLIP-
170(11) message in the smooth muscle of arteries in
the tissue samples. Analysis of CLIP-170(11+35) ex-
pression revealed that it is expressed at a level higher
than CLIP-170 in skeletal muscle (Table 1) but at a
barely detectable level in gizzard smooth muscle and
at an undetectable level in adult cardiac muscle, both
of which express relatively high levels of CLIP-170
(Fig. 4B,C).
3.5. Developmental regulation of CLIP-170 isoform
expression
To investigate the possibility of tissue-speci¢c de-
velopmental regulation of CLIP-170 isoform expres-
sion, we used the same three sets of primers de-
scribed above to compare embryonic (day 17 of
chicken embryonic development) and adult cardiac
muscle and gizzard smooth muscle (Fig. 5). We
found that the relative levels of mRNA for each iso-
Fig. 5. RT-PCR analysis of chicken embryonic muscle RNA.
Embryonic tissue RNA was analyzed by RT-PCR with three
sets of primers. (A) Ampli¢cation of embryonic gizzard and
cardiac cDNA with primers £anking the insert region yields
products representing only CLIP-170 from gizzard and CLIP-
170(11), the most abundant isoform, CLIP-170 and CLIP-
170(11+35) from embryonic cardiac muscle. (B) Ampli¢cation
with the ins2 and insexp1 primers revealed that CLIP-
170(11+35) is far less abundant than CLIP-170(35-Restin) in
embryonic gizzard. Embryonic cardiac muscle, on the other
hand, expresses CLIP-170(11+35), but no CLIP-170(35-Restin).
(C) Ampli¢cation with newins2 and restin1 primers yielded
CLIP-170(11) and CLIP-170(11+35)-speci¢c products. Also
found is a myosin II heavy chain product that is ampli¢ed by
these primers.
Table 1
RT-PCR analysis of the relative amounts of CLIP-170, CLIP-
170(11), and CLIP-170(11+35) isoforms expressed in human
and chicken skeletal muscle
Source CLIP-170(11)/CLIP-170 CLIP-170(11+35)/CLIP-170
Chicken 11.0 þ 2.3 1.5 þ 0.2
Human 8.3 þ 1.1 4.2 þ 0.6
The values represent the mean of three experiments þ S.E.M.
Chicken speci¢cally primed cDNA was PCR ampli¢ed using
the common primers ins2 and ins3 ; human cDNA was primed
with the primers hum1 and hum2 primers.
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form in embryonic gizzard are similar to those in
adult gizzard; CLIP-170 is the most highly expressed
isoform, whereas the other isoforms represent minor
species (Fig. 5A). In both embryonic and adult giz-
zard, there is much more CLIP-170(35-Restin) tran-
script than CLIP-170(11+35) (Figs. 4B and 5B),
which decreases even with respect to CLIP-170(11)
during development of the adult gizzard (Figs. 4A
and 5C).
In cardiac muscle, the relative ratio between iso-
form amounts changes substantially in an isoform-
speci¢c manner between embryonic and adult devel-
opmental stages. Although expression of both CLIP-
170 and CLIP-170(11) is relatively high in both em-
bryonic and adult cardiac muscle, CLIP-170(11) pre-
dominates in embryonic muscle whereas CLIP-170
predominates in adult muscle (Figs. 4C and 5A).
Expression of the CLIP-170(35-Restin) and CLIP-
170(11+35) isoforms changes even more dramati-
cally. Embryonic cardiac muscle, expresses CLIP-
170(11+35), but not CLIP-170(35-Restin) (Fig. 5),
whereas adult cardiac muscle expresses CLIP-
170(35-Restin), but not CLIP-170(11+35) (Fig. 4).
This indicates that expression of the CLIP-170(35-
Restin) isoform is induced later in development,
whereas the expression of the CLIP-170(11+35) tran-
script is shut down past the embryonic phase in heart
muscle. From these results, it appears that develop-
ing cardiac muscle loses expression of CLIP-
170(11+35) and gains expression of CLIP-170(35-
Restin) as it matures.
4. Discussion
We previously demonstrated the ubiquitous pres-
ence of CLIP-170 and a variant of this protein orig-
inally known as Restin (referred to here as CLIP-
170(35-Restin)) in a variety of chicken tissues [7].
We also showed that these proteins are isoforms gen-
erated by alternative splicing of a 105 bp exon that
encodes a 35 amino acid region in CLIP-170(35-Res-
tin), that is missing from CLIP-170. This 35 amino
acid insert is perfectly conserved between chickens
and humans even at the nucleotide level and pre-
dicted to extend a coiled-coil domain in the central
region of the protein by ¢ve heptads.
We present here evidence for expression of two
novel isoforms of CLIP-170 that also are generated
by alternative splicing. One of the novel isoforms,
designated CLIP-170(11), contains an 11 amino
acid insert instead of the 35 amino acid insert that
distinguishes CLIP-170 and CLIP-170(35-Restin). By
cloning and sequencing both the chicken and human
homologs of CLIP-170(11), we found that 8 out of
11 residues, including a proline residue, are perfectly
conserved between the two species. Although the
functional signi¢cance of the 11 AA insert remains
obscure, this insert is predicted to induce a break in
an otherwise continuous coiled-coil region near the
N-terminal end of the central rod-like portion of the
molecule.
The second new isoform that we found, designated
CLIP-170(11+35), contains the 11 AA fragment
found in CLIP-170(11), followed by the 35 AA insert
present in CLIP-170(35-Restin). As in CLIP-170(35-
Restin), the chicken and human homologs are 100%
identical in the 35 amino acid fragment on both nu-
cleotide and protein level, whereas 11 AA insert, as
previously described, carries eight evolutionarily con-
served residues. Accordingly, the resulting 46 amino
acids are predicted to both extend and break a cen-
tral coiled-coil domain.
Although a database search for homology to the
11 AA insert sequence uncovered a 55% identity to a
segment from a C. elegans AO13 ankyrin [19], the
relevance of this homology is unclear because the rest
of the proteins display little similarity. An additional
database search for proteins harboring the 35 AA
insert revealed a similar region in rat CLIP-115
[20], which is 65% identical (73% similar) on the pro-
tein level to human CLIP-170(35-Restin) in the
N-terminal region of the molecule. Signi¢cant simi-
larities between CLIP-170(35-Restin) and CLIP-115
are particularly evident in CAP-Gly microtubule-
binding domains, downstream serine clusters, and
the N-terminal-most region of the respective central
coiled-coil regions, including most of the 35 AA in-
sert. The ¢rst 21 amino acids of the insert are ex-
tremely well conserved, but the identity wanes in its
second part, which seems to be the cut-o¡ for general
homology between the two proteins. The remaining
sequence of the CLIP-115 displays only 28% identity
to the human CLIP-170(35-Restin) central coiled-coil
region. CLIP-115 appears to be the rat homolog of
the putative protein encoded by the human WSCR4
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gene, deleted in patients with Williams syndrome
[21]. Localization of the WSCR4 gene on human
chromosome 7 and the CLIP-170 gene on human
chromosome 12 proves the non-identity of these
two genes [21,22].
Experimental data obtained from the PCR of
chicken genomic DNA presented here and elsewhere
[7] and previous Southern analyses [7,22] strongly
argue in favor of alternative splicing as a mechanism
for generation of the documented isoform diversity.
The evidence presented here supports a combinato-
rial mechanism of alternative exon splicing rather
than one of mutual exclusion of exons [23], because
the four CLIP-170 isoforms are generated from dif-
ferential splicing of two exons. Moreover, our results
demonstrate that the pattern of combinatorial alter-
native splicing that yields the four CLIP-170 iso-
forms appears to be tissue speci¢c and, at least in
the case of cardiac muscle, developmental stage-spe-
ci¢c.
We found that the novel CLIP-170(11) and CLIP-
170(11+35) isoforms are preferentially expressed
in muscle tissues and therefore can be categorized
as muscle-speci¢c. Skeletal, smooth and embryonic
cardiac muscle all contain messages for both iso-
forms. Very low levels of PCR products speci¢c for
the CLIP-170(11) and CLIP-170(11+35) isoforms
that we detected in non-muscle tissues including
brain might indicate the presence of low levels of
transcripts in those tissues or more likely may be
derived from expression of those transcripts in
vascular smooth muscle that is part of the tissue
sample.
Based on the pattern of isoform message abun-
dance, all tissues analyzed so far can be divided
into three groups: (1) CLIP-170-predominant, which
includes smooth and cardiac muscle, and the major-
ity of non-muscle tissues except brain; (2) CLIP-
170(35-Restin)-predominant, in which brain is the
only member thus far; and (3) CLIP-170(11)-pre-
dominant, in which skeletal muscle is the only mem-
ber thus far.
How message abundance relates to isoform protein
abundance in any tissue, however, remains unclear.
The antibody used to demonstrate expression of
CLIP-170 isoforms in the tissues including skeletal
muscle was raised against an expressed region of
protein common to all four isoforms. This antibody
reveals di¡erences in the protein patterns found in
di¡erent tissues, but di¡erences in the migration of
CLIP-170 bands on SDS-gels are greater that those
expected for the four isoforms, especially the V1.3
kDa di¡erence between CLIP-170 and CLIP-170(11).
Clari¢cation of protein expression and speci¢c local-
ization in cells will require development of isoform-
speci¢c antibodies.
Even less clear and more interesting is how the
four isoforms may di¡er in function. Although not
yet rigorously proved, it appears that all four iso-
forms share identical microtubule-binding and met-
al-binding sites on each end. If this is the case, the
four CLIP-170 isoforms di¡er from the case of the
two dynactin p150Glued isoforms; the full length
p150Glued isoform contains a CAP-Gly microtubule-
binding domain similar to that of the CLIP-170 iso-
forms, but the 135 kDa p150Glued isoform lacks this
domain [24].
Speci¢c expression of the CLIP-170(11) and CLIP-
170(11+35) isoforms in muscle indicates they may
have a muscle-speci¢c function. Muscles undergo
both endocytosis and exocytosis [25^27], but either
or both of those processes could be mediated by the
CLIP-170 or the low level of CLIP-170(35-Restin)
expressed. The change in expression from CLIP-
170(11+35) in embryonic cardiac muscle to CLIP-
170(35-Restin) expression in adult cardiac muscle,
however, raises the possibility that these isoforms
have some overlapping function in vesicle transport.
In contrast, the CLIP-170(11) isoform could have a
truly muscle-speci¢c function possibly related to the
speci¢c arrangement of microtubules in muscle cells
or in regulation of muscle microtubule dynamics, a
function suggested for CLIPs in other cells [3].
Clearly, isoform localization in various tissues would
help to elucidate possibly speci¢c functions of the
four CLIP-170 isoforms.
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